Introduction
Despite advances in sanitation and immunization initiatives, infectious diseases remain a significant cause of mortality and morbidity worldwide. In low and middle income countries especially, infections rank among the top ten leading causes of mortality. The effect is particularly devastating among communities with low vaccination coverage. The World Health Organization (WHO) estimates that 1.5 million deaths among children under 5 years were due to vaccinepreventable diseases (VPDs), representing 17 per cent of under-five child mortality worldwide [1] . Global eradication of many infectious diseases depends on widespread vaccine coverage. Indeed, the only two diseases to be eradicated thus far have been vaccine preventable-rinderpest and smallpox.
(a) The first eradication: smallpox Earliest records of smallpox inoculation efforts date back to AD 590-1000, during which time individuals in China [2] are said to have inhaled pulverized smallpox scabs. Historians speculate that inoculation was practised among members of the Chinese population during this time period by scratching infected material into the skin of a healthy individual [2, 3] . These methods closely mirror those observed by Edward Jenner in 1796, who famously documented the apparent smallpox immunity of milkmaids who previously contracted cowpox. Jenner differed primarily from his predecessors in that he lacerated patients with cowpox (as opposed to smallpox), and introduced injection as a primary method of inoculation [4] [5] [6] .
For the next 150 years, the smallpox vaccine played an important role in controlling smallpox rates in Europe and America. It was not until 1958 that the World Health Assembly (WHA) passed a global smallpox eradication resolution. In 1966, WHA endorsed an official campaign plan and budget to support the resolution. A shift in strategy, from mass vaccination to surveillance and containment, sped up eradication efforts considerably and the campaign was completed in just over a decade. The last cases of naturally occurring smallpox were detected in Ethiopia and Sudan between 1976 and 1977, after which continental Africa successfully concluded a centuries-long battle with smallpox & 2013 The Author(s) Published by the Royal Society. All rights reserved.
variola. The final case of smallpox was detected in 1978, 12 years after programme ratification [7, 8] .
(b) Vaccines are indispensable to global disease eradication
The success of these prior eradication campaigns demonstrates the ability of vaccines to substantially influence public health practice through infectious disease eradication. Unlike other methods of infectious disease prevention, vaccines do not typically require drastic and costly changes in human behaviour, sanitation practices or sexual networks. Enabling the human body to defend itself is unarguably one of the most sustainable prevention methods in public health (however, also see articles on polio and guinea worm in this issue [9, 10] ). Among children, vaccination against common communicable diseases through the Expanded Programme on Immunization (EPI) is one of the most cost-effective, large-impact methods for global reduction of disease mortality and morbidity [11, 12] .
The WHO has implemented and ratified initiatives for the eradication of polio and for the control of measles and rubella-the Global Polio Eradication Initiative and the Measles and Rubella Initiative. The polio eradication campaign began in 1988; since then, only three endemic countries remain. In 2001, WHA founded a measles control and reduction initiative, now called the Measles and Rubella Initiative. Nevertheless, VPD outbreaks such as measles have become more common in the past century, in part because the success of immunization campaigns depends on vaccine compliance.
(c) Vaccine refusal is a significant obstacle to disease eradication
Without widespread compliance, vaccines have a limited impact on public health. Overcoming vaccine refusal is critical to the eradication of VDPs. Disease eradication campaigns often shape the progression of anti-vaccination movements. Following the initial introduction of a vaccine into a population, VPD mortality typically drops steadily, followed by a plateau in disease rates and related deaths [13] . The period of time during which disease prevalence remains low enough to escape public notice corresponds to a spike of vaccine refusal as VPDs fall out of public notice and post-vaccine adverse events gain more attention [14] . A myriad of factors influence rates of non-compliance within a population, including popular misconceptions of the hygiene hypothesis [15] and the tendency for individuals to accept the harmful effects of inaction over less harmful acts, i.e. 'omission bias' [16] . Psychosocial factors such as risk perception and awareness are influenced by the progress of eradication efforts. This paper examines the trend of increasing vaccine refusal in tandem with low disease prevalence by exploring the role vaccine refusal played in past eradication attempts, its capacity to shape current campaigns, and which strategies should be used to mitigate the impact of vaccine refusal on eradication campaigns.
The tendency for vaccine refusal to fluctuate in accordance with VPD prevalence and, therefore, VPD awareness is critical to global disease eradication today. A detailed understanding of this trend, as well as its driving factors, must be prioritized by future eradication campaigns in order to ensure their success.
History of vaccine refusal
Vaccine resistance movements date back to Edward Jenner (1749-1823), whose work with the protective efforts of cowpox virus in conferring immunity to smallpox is credited as the first deliberate, standardized approach to disease eradication using a known vaccine. In 1796, Jenner presented his findings to the Royal Society of London, describing the successful immunization of 13 people following inoculation with live cowpox material. Shortly thereafter, widespread immunization took place across England, significantly driving down smallpox mortality rates in the latter half of the eighteenth century and early in the nineteenth century (figure 1). The integral role played by the smallpox vaccine in reducing disease prevalence compelled the English government to pass the Vaccination Act of 1853, which established compulsory vaccination throughout London [18] . The anti-vaccination movement gained momentum immediately after the passage of the 1853 law; prior to 1853, incidence of smallpox had been quite low, with some fluctuations, for quite some time [19] .
The Anti-Vaccination League in London formed in 1853. In 1856, a popular pamphlet denouncing compulsory vaccination was widely circulated throughout Europe, encouraging the spread of anti-vaccination sentiment. In The evils of vaccination, with a protest against its legal enforcement, George Gibbs objected to both the compulsory nature of the act as well as the safety and efficacy of the vaccine itself [19] . Anti-vaccination movements today echo much of Gibbs' own protest.
Anti-vaccination advocates in nineteenth century London disagreed about the true cause of vaccine failure as well as its proposed risk to patients. Prominent medical author Charles Creighton subscribed to the atmospheric theory of disease causation, whereas bacteriologist Edgar Crookshank believed that the prophylactic material was both ineffective against smallpox and responsible for the secondary transmission of syphilis [20] . No clear consensus could be reached on a single scientific paradigm that could explain the presumed danger of Jenner's vaccine, yet members and leaders of the anti-vaccination movement were held together by the strength of their conviction that the vaccine was useless at best and fatal at worst [20] . Similarly, vaccine opposition movements today lack empirical data to support their claims, and encompass a large range of individuals, socio-cultural concerns and justifications for vaccine refusal [21] . rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120148
Anti-vaccination movements sprouted around the world. In the United States, widespread vaccination of the population drove down smallpox incidence during the early nineteenth century. During a period of low disease prevalence in the 1830s, anti-vaccination movements regained popularity. Renewed susceptibility of the population instigated smallpox epidemics throughout the 1870s, and the anti-vaccination movement subsequently fell out of popularity [18, 22, 23] .
In many ways, vaccine refusal movements of the past parallel those of the present. Dissidents insisted strongly that friends and relatives had suffered from vaccinations, and valued personal narratives above less provocative statistics. Opponents to adverse effects of the vaccine often praised alternative medicine (e.g. homeopathy) as a safer and equally viable alternative to vaccines [4] . They were also suspicious of the profit public health professionals, vaccine developers and physicians stood to gain from widespread vaccination.
3. Smallpox eradication: differences, similarities and reasons for success
Despite historical resistance to widespread vaccination efforts, smallpox was eradicated in the latter half of the twentieth century. The rapid decrease in smallpox-related deaths may have been a factor in the campaign's success. Given the 'short tail' of the incidence curve (figure 2), there was insufficient time for a true anti-vaccination movement to gain traction. We hypothesize that disease awareness, trust in vaccine efficacy and the rapid fall in smallpox outbreaks contributed to the scarcity of vaccine opposition. Unlike future eradication efforts, the smallpox campaign did not contend with a protracted period of low disease prevalence. From 1959 to 1967, the global prevalence of smallpox cases plummeted from 59 to 31 per cent [8] . An intensified eradication programme was implemented by the WHO in 1967. By 1973, endemic smallpox was confined to five countries. The progression of reported smallpox cases in these nations demonstrates the short tail of the eradication campaign and the speed with which the disease was eliminated (figure 2). In the year of 1975 alone, the number of reported smallpox cases in India dropped from 1010 in January to 0 by December. Similarly, the number of reported smallpox cases in Bangladesh fell from 216 to zero between December 1972 and December 1973 [8] .
The smallpox eradication campaign benefited from characteristics of the disease itself. Visibly devastating and highly infectious, smallpox was a disease of which most communities were aware. Individuals could tell when a case of smallpox had last occurred by looking for the youngest individuals with the telltale scars. Even schoolchildren could correctly identify cases within the region. Few doubted the severity of the disease or the risk of remaining unprotected. '. . . Unlike many other viruses, smallpox virus simply could not hide. It left too many clues' [24] .
Acute disease awareness was coupled with widespread faith in vaccination as the primary method by which the world could be rid of the disease. In West Africa, Foege notes that individuals historically placed a high value on injections, which he attributes to the success of penicillin injections in reducing yaws during the 1940s. In Southeast Asia, particularly India, government officials felt it was of critical importance to not be the last country with smallpox [24] . National health practitioners felt the pressure of a global eradication effort and sought to match their counterparts in Europe and the Americas that had been smallpox-free for some years [24, 25] .
As a result, most people targeted in the smallpox eradication effort actively sought inoculation campaigns. In Bangladesh, the WHO Southeast Asia Regional Office reported 'no organized resistance to vaccination in Bangladesh . . . in most cases lack of cooperation was due to an ignorance of its benefits' [26] . In an investigation of non-compliance during the smallpox era, Greenough [27] finds little formal report of resistance movements in either India or Bangladesh.
Although literature detailing non-compliance during this time is scarce, there is evidence that vaccine refusal did occur. These instances of refusal occurred primarily in the final years of the campaign, mirroring anti-vaccination movements in nineteenth century Europe and the Americas. In South Asia, resistance peaked between 1973 and 1975 [27] , during which time the number of controlled outbreaks surpassed new ones [8] . The rise of anti-vaccination efforts during the tail end of the campaign illustrates the importance of the stage when disease prevalence is typically lowest. The smallpox eradication campaign was able to overcome historical opposition to vaccines in part because of the short tail of the initiative and high levels of disease awareness.
Vaccine-preventable disease awareness in non-endemic countries
Eradication programmes seeking to drive down VPD incidence will often inadvertently drive down VPD awareness concurrently. The disappearance of a disease from public eye creates a paradox whereby the success of a public health campaign (widespread vaccination and disease prevention) becomes a serious obstacle to the campaign itself. Diseases such as polio and measles fall out of cultural memory as generations pass without experiencing and remembering their severity [4] .
(a) The role of emotion and experience in shaping cultural memory
Communicating the risk posed by VPDs to vaccine-hesitant parents is a difficult task in non-endemic countries. Experience of a relevant event improves public retention of information provided by the media [28] ; however, there are few infectious diseases which parents living in industrialized countries have rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120148 experienced in epidemic form [29] . Similarly, individuals are more likely to seek information about the source of their anxiety if perceived as a realistic threat, although less likely to ascertain the validity of such information [30] . Public anxiety, therefore, has an important dual effect on cultural memory. Many individuals today do not actively worry about polio or measles, and no longer see such diseases as serious threats to their health. A vaccine-hesitant parent who has never experienced the threat of VPDs is also less likely to seek information regarding children's susceptibility to these infectious diseases [31] . On the other hand, parents anxious about post-vaccine adverse events are more likely to seek advice regarding the dangers of vaccination, particularly because they pose a more visible threat [30] . Unfortunately, in a state of heightened anxiety, parents may find it more difficult to judge the validity of vaccine-related news in the media [30] .
(b) The role of media reporting in vaccine-preventable diseases awareness and risk communication
Mass media is an important influence on health-seeking behaviour in a population [32] . Television coverage of influenzarelated reports increases annual vaccination rates by up to 7.9 per cent among the elderly [33] . Conversely, anti-vaccination media campaigns are associated with decreased vaccine uptake among children whose families are likely to have been exposed [34] . The obstacle of VPD awareness is compounded by a lack of relevant media coverage. Newspaper trends in disease reporting closely follow epidemiological trends of disease mortality. As disease mortality increases, so too does media coverage; a plateau or decrease in disease mortality over a period of time corresponds with a plateau or decrease in coverage of that disease [35] . In countries where a VPD is no longer endemic and its incidence has dropped significantly, news coverage on its severity-and, therefore, on the importance of immunization-may also be lacking.
Risk perception and vaccine decision-making
Vaccine-hesitant parents do typically understand that by refusing routine childhood vaccination, they are putting their children at some risk for disease [4] . Furthermore, parents often understand the evolving and nuanced nature of medical knowledge, readily accepting that the choice to vaccinate involves a balance of risk rather than an assumption of zero risk [36] . It is unlikely that oppositionists regard vaccines as completely harmful and without benefit. Instead, they may conclude that their child is more likely to suffer from post-vaccine adverse events than from VPDs.
A significantly greater proportion of vaccine-hesitant parents do not perceive VPDs as a serious threat to the health of their children, as compared with parents who support mandatory vaccination for schoolchildren. A total of 47 per cent of hesitant parents surveyed regarded vaccines as either unsafe or somewhat safe [37] .
Studies have found that vaccine campaigns are most successful when they emphasize that VPDs do indeed pose a greater risk to children. A 1994 measles-rubella vaccine campaign in the United Kingdom successfully increased vaccination coverage in part by emphasizing the severity of measles illness [36] . Among a cohort of pro-vaccination parents in the UK, statistical reports on the true morbidity and mortality of these diseases were ranked as the most novel pieces of vaccine information; these same parents expressed that vaccine campaigns ought to emphasize the severity of VPDs [38] .
In populations with high levels of immunization, unvaccinated children are often protected from VPDs by benefiting from the herd immunity provided by vaccinated individuals (i.e. 'free-riding'). Free-riding demonstrates the occasional discrepancy between self-interest and group interest [39] , often referred to as 'the prisoner's Dilemma': a person may choose to act in opposition to the good of society if doing so benefits the individual [40] . In the case of vaccine refusal, non-compliers reduce overall herd immunity but are protected from both VPDs and post-vaccine adverse events, assuming threshold coverage; however, if coverage falls beneath threshold, herd immunity will cease to protect non-compliers [41] .
Under voluntary vaccination programmes, the conflict between group interest and self-interest causes large differences in optimal coverage levels and actual uptake levels [39] . This discrepancy is related to the perceived risks of vaccination and VPDs. When weighing the relative costs and benefits of vaccination, individuals might consider that herd immunity lessens the likelihood of infection for an unvaccinated person. Hence, the risk posed by refusing vaccination and remaining susceptible to infection is further diminished by the concept of free-riding.
Vaccine refusal and the polio eradication campaign (a) Perceived necessity and demand for social amenities
In 2003, a number of official state clerics and residents in Northern Nigeria boycotted the polio vaccine, owing to a multitude of cultural and socioeconomic factors. Many dissidents criticized the federal government for pushing polio eradication while doing little to ameliorate poverty-related issues such as access to food, clean water and electricity [42] . Six Muslim clerics in Suleja, Niger demanded social amenities for their communities, claiming that the federal government had failed to cater to their needs [42] . One cleric, Mallam Aliyu Yakub, stated:
'Since 1960, when we had our independence, there are five things that government always talk about -water, light, housing, food and health -but up till today, we are still in the same problem. . .these are the things that make them to die . . . it is not as if we don't want government to help us but the area we expect them to help us they are not doing it.' [42] ; M. Yahya. Daily Trust Abuja Interview. July 2008 Owing to targeted vaccine campaigning, polio cases and polio-associated deaths were far less visible than death and illness owing to starvation or diarrhea. In one state opposing vaccination, Kaduna, a local butcher complained:
'Some people have never even seen polio but yet they keep giving us medicine for it. If you look around it is hard to find 2 or 3 people with polio but it is easy to go to the hospital and find 50 people sick with no medicine to buy the medicine they need to be treated with. The local butcher's frustrations echoed widespread sentiments that children were being treated for a disease which rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120148 they were unlikely to get, thanks in part to prior success of the polio eradication campaign. Low disease prevalence and a corresponding lack of awareness created a climate in which parents prioritized other threats to children's health. Demand for social amenities was far from the only reason for anti-vaccination sentiment in northern Nigeria. Other sources of dissent were rooted in mistrust of Western political involvement, particularly in relation to a concurrent lawsuit against pharmaceutical company Pfizer for purportedly unethical proceedings during clinical trials of an antibiotic drug in the northern state of Kano [41] . First-hand accounts of vaccine refusals in the area also emphasize the influence of authority figures such as fathers or in-laws on maternal decision-making and a rumor circulated by religious and political leaders that the oral poliovirus vaccine (OPV) was an American conspiracy to sterilize the Muslim population [44] . Nevertheless, timing of the boycott-during the final, intensified stages of the campaign-as well as specific refusal to the polio vaccine rather than broad opposition to any form of Western aid, demonstrates the important role of low disease prevalence and awareness in shaping vaccine uptake and demand.
(b) Religious and cultural objections
Religious and moral objections to vaccination are key to understanding vaccine refusal today. In the Nigeria boycott, for instance, resistance to vaccination was also shaped by the religious politics of predominantly Muslim states in the north. Some residents felt they were being targeted by Western biomedicine as a result of their religion [43] . Increased underfive mortality in Nigeria is also significantly associated with maternal affiliation with a traditional indigenous religion, primarily owing to differential use of maternal and child health services [45] . In Pakistan, vaccine refusals are concentrated among low income individuals of Pashtun ethnicity. Using qualitative interviews with dissenting parents, Khowaja et al. [46] observed important trends in reasons for refusal. Many parents were concerned that OPV caused sterility in adulthood; others suspected the vaccine, developed and distributed by Westerners, was part of a larger conspiracy to sterilize children in Muslim nations [46] . Dissenting parents also expressed concern that the vaccine contained religiously forbidden, or non-halal, ingredients [46] . The authors concluded that, without religious and culturally specific vaccine promotion activities, vaccine hesitancy and mistrust would likely lead to continued poliovirus transmission within the Pashtun community [46] .
The association between insular religious communities and under-utilization of health services, in particular routine vaccinations, has been observed in multiple other countries. After 14 years without endemic polio, the Netherlands reported an outbreak of poliomyelitis between 1992 and 1993 [47] . These cases were largely restricted to a religious subpopulation, while no evidence was found of poliovirus circulation outside these risk groups [48] .
(c) Passive refusal and 'missing children'
Parental vaccine hesitancy as well as individual noncompliance later in adulthood constitute forms of active vaccine refusal; however, passive refusal has also posed an important challenge to the polio eradication initiative. In cases of passive refusal, parents typically report that the child is unable to be vaccinated because he or she is ill, too young, sleeping, at school, et cetera, rather than voice an explicit objection to the vaccination.
Passive refusal accounted for a large proportion of 'missed children' in endemic countries, far outnumbering the proportion of parents who actively refuse OPV [49] . Sixty-six per cent of missed children in Nigeria were attributable to an unavailable or absent child; however, many absentee children, particularly in the highly endemic northern states, were typically in the playground or at a social event within reach of the household [50] . In Afghanistan, 33 per cent of households with missed children claimed the child could not be reached because he or she was sleeping, ill, or newborn; overt refusals only accounted for 5 per cent of children [51] .
Surveillance data from the polio campaigns indicates that even children close by or within the household are missed, in part owing to low demand among caregivers as well as adherence to social norms such as the belief that children should not be woken up for vaccination, or that a sick/newborn child should not be vaccinated [49] . In addition to suboptimal knowledge of immunization, caregivers in polio-endemic countries may also distrust the campaign, find other social amenities more important or have religious objections, but feel uncomfortable vocalizing these sentiments. As a result, dissenting parents may do so not only because of adherence to socio-cultural norms, but for reasons such as vaccine safety and risk perception which affect rates of refusal worldwide.
Vaccine refusal and the measles and rubella initiative (a) Concerns about vaccine safety
Parental concerns about the safety of measles-mumps -rubella (MMR) vaccination in children persist despite overwhelming evidence to the contrary. A 1998 paper by Dr Andrew Wakefield and colleagues falsely linking MMR vaccination to autism alarmed many individuals and parents alike. Shortly after publication, selective MMR vaccine refusal in the United States rose from 0.77 per cent in 1995 to 2.1 per cent in 2000 [52] . Although the paper has since been retracted and no credible evidence exists to support a link between autism and MMR vaccination, parental concerns about vaccine safety linger, leading to suboptimal vaccination coverage and increasing measles outbreaks, particularly in the United States and United Kingdom [53, 54] . Brown et al. [55] surveyed the decision-making habits of UK parents in regards to vaccine uptake and the MMR-autism controversy [55] . Results indicated that all parents, whether or not they accepted MMR vaccination for their child, had a tendency to focus on negative aspects of the vaccine, such as possible adverse events and side effects. Even without prompting, many parents remarked on the MMR-autism controversy and remarked that it complicated immunization decisionmaking. In accordance with the tendency of individuals to focus on threats they have experienced directly, several parents rejecting MMR had a direct experience with autistic children. No parents accepting of MMR had this experience.
Parents who delay or refuse MMR vaccine coverage are also less likely to believe that vaccines are necessary to protect the health of their children [56] . Prior experience with what they believe to be adverse effects of vaccination (i.e. rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120148 autism, developmental disorders) and little awareness of VPD severity (i.e. fatality rate of measles, mumps or rubella) encourage parents to focus on vaccine safety as the more salient threat to their children. Parents who are less likely to believe that vaccines are safe and that vaccines provide significant health benefit to their children have significantly lower coverage rates for all ten childhood vaccines, including MMR [56] .
Parents have also objected to the recommended vaccine schedule of children, many of whom will receive up to 14 vaccines before the age of 2 years [57] . There is no evidence to suggest that a neonate is unable to 'handle' combined vaccines [58] . Nevertheless, if given a choice, some parents expressed a desire to follow Dr Andrew Wakefield's recommendation to space out the MMR vaccine into three separate components, rather than follow the recommended vaccine schedule [59] .
(b) Religious and moral concerns
As was the case with polio immunization, moral and religious concerns are strongly tied to rates of vaccine refusal among certain communities claiming religious or philosophical exemptions. In May and June of 2005, an outbreak of measles occurred within a small subgroup of an Indiana church congregation. Personal religious objections were among the most cited reasons for refusal to adhere to vaccination, although no formal advice on vaccines had been issued from the church. While most outbreak households reported no change in attitudes towards vaccinations, two out of six reported that the experience had enhanced their opinion of vaccines, demonstrating the potential for refusal to shift to compliance if the severity and likelihood of contracting a VPD is fully understood [60] .
Specific challenges of disease eradication (a) Control versus eradication
Mass immunization campaigns have succeeded in driving down the global prevalence of certain VPDs, but complete eradication of a human disease requires an additional set of strategies. As long as herd immunity is maintained in a population, it is possible to halt endemic transmission of a VPD, thereby drastically reducing its prevalence. In the case of disease eradication, however, eliminating pockets of resistance is critical to driving global VPD prevalence down to zero.
Although eradication may appear to be an extension of disease control, the two terms are not interchangeable. Eradication is the deliberate use of interventions to reduce disease incidence to zero, whereas disease control refers to lowering disease incidence to an acceptable level [61] . Aggressive disease control ensures restricted circulation of an infectious agent and prevents future epidemics occurring within a particular geographical area [62] . In contrast, disease eradication on a global scale has specific political and social implications that necessitate additional public health measures. Eradication requires global political cooperation and financial commitment during the same period of time, and must occur within a limited time span-hence the importance of a protracted end stage. Its success depends on deliberate efforts to drive down disease incidence in regions where conditions may not be ideal for campaign efforts. Control efforts, however, may suffice with regulation of high incidence. Small, well-contained outbreaks do not necessarily disrupt control and elimination efforts but have a significant impact on eradication. Statistically small pockets of resistance continue to spark outbreaks in nonimmunized children [49] . In polio-endemic regions such as Kano and Sokoto in Nigeria, and Quetta Region in Pakistan, over 60 per cent of annual polio cases were among families refusing OPV [49] .
These qualitative differences between eradication and control also mean significant differences in cost; eradication efforts are often costlier and require substantially higher levels of political and financial investment from local leaders, national governments, and global organizations [63] . Many eradication proponents argue that the long-term costs of control exceed those of short term eradication [61] , particularly on a cost per additional case prevented basis. However, lengthy eradication efforts may appear unnecessarily expensive and time-consuming to international donors, particularly once incidence is low enough to escape public awareness. The resulting decline in funding, political commitment and public interest further contribute to a protracted period of restricted circulation (disease control) rather than zero incidence (eradication).
Owing to these critical differences in strategy, it is often quite difficult to eradicate a disease that has been controlled. Between 1989 and 2000, the number of polio cases was more than halved; however, this rapid fall in cases does not continue through to the twenty-first century ( figure 3 ). Since 2005, the global prevalence of poliomyelitis has generally hovered between 1000 and 2000 cases, displaying the 'long tail' of disease eradication-wherein disease prevalence remains consistently low, rather than the steady decrease typically seen earlier in the campaign. Likewise, the number of measles cases more than halved between 1989 and 2000, but global prevalence has hovered between 300 000 and 400 000 cases since 2005 [64] . rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120148 9. Walking the last mile first: prioritizing vaccine refusal in twenty-first century disease eradication efforts
The next steps in eradication of VPDs should be shaped by the recognition that rising rates of vaccine refusal pose a considerable threat to global eradication efforts. Eradication campaigns must address issues of vaccine refusal from the onset in order to prevent costly setbacks towards the end of the campaign (e.g. widespread polio resurgence in northern Nigeria). It is essential to preempt and, if possible, avoid widespread non-compliance. In order to do so, eradication campaigns must focus on areas likely to experience refusal in both resource-poor and resource-rich settings.
The boycott of polio vaccines in northern Nigeria is a prime example of refusal in resource-poor settings, where mistrust and marginalization contributed to public perceptions of risk. Instances of children missed for reasons such as 'sleep' or illness have risen in polio-endemic countries such as Afghanistan, where nearly one-quarter of children missed are due to these instances of passive refusal. Prior negative experiences with pharmaceuticals and Western campaigns (e.g. allegations of misconduct brought against Pfizer by a Nigerian family, or a CIA effort to send a vaccination team into the bin Laden compound to gather information and DNA samples) fuel widespread non-compliance in resource-poor settings. Nevertheless, global examples of vaccine refusal illustrate that this problem is not isolated to developing countries.
In 2011, the United States experienced its largest measles outbreak in 15 years, with a reported 222 cases, of which 141 were unvaccinated but eligible for vaccination [65] . The WHO European region reported over thirty thousand cases of measles in 2011, nearly a fourfold increase in cases since 2009. More than 90 per cent of cases were concentrated in five countries-France, Italy, Romania, Spain and Germany-with suboptimal vaccine uptake rates [66] . In comparison with 99 per cent uptake of the MMR vaccine in Finland, which reported just 29 measles cases in 2011, France had an uptake rate of just 85 per cent and Germany had a suboptimal uptake rate of 70 per cent [67] .
Despite a lack of formal policy to address vaccine refusal in the early stages of eradication campaigns, social mobilization, communication strategies and a focus on areas of probable non-compliance have been proposed as potential methods of controlling vaccine refusal.
Strategies to address vaccine refusal in eradication campaigns (a) Social mobilization
Social mobilization efforts typically use face-to-face communication and interactive discussion with community members in order to raise awareness for a particular health outcome or intervention [68] . A wide range of community members also participate in health training and use their social connections to raise awareness [69] . Social mobilization strategies can improve VPD awareness as well as vaccine-related knowledge, attitudes and practices towards vaccines. A better understanding of how vaccines work and the benefits of immunization, even during periods of low incidence, improves uptake and demand. Eradication campaigns must commit to active engagement with community members and health volunteers, particularly in areas of historically low compliance, from the onset of a campaign rather than towards the end.
(b) Effective communication with public figures
Promoting dialogue with respected community leaders was crucial to overcoming non-compliance during the polio eradication initiative, albeit during its last stages. In March 2011, various clerics in Pakistan helped resolve over 8000 cases of polio vaccine refusal in Khyber-Pakhtunkhwa and the Federally Administered Tribal Areas [70] . During a week-long national immunization campaign, clerics in the districts helped dispel remaining doubts regarding the safety of the polio vaccine and religious objections to the vaccination, during special Friday sermons [70] . The antivaccination movement in northern Nigeria, supported by state clerics, further illustrated the importance of religious and cultural leaders in encouraging vaccine uptake. Future eradication initiatives must use the support of community leaders and respected figures in targeted areas early on in the eradication process.
(c) Empowering health professionals to address refusals
Involvement of health professionals at all levels promotes vaccine compliance, particularly in non-endemic countries such as the United States and United Kingdom [4] . Observance of provider -patient interactions is an important step in understanding common approaches to non-compliance among health professionals and potential areas for improvement [71] . Simulation of patient -provider dynamics to assess providers' response to vaccine refusal can help inform effective and culturally appropriate vaccine promotion strategies. Health professionals in developing and developed regions should have access to resources such as methods of effective communication with vaccine-hesitant patients. Continuing health education for a spectrum of providers should also include updated literature on contributing factors to vaccine refusal as well as evidence-based strategies to combat the issue of non-compliance (e.g. emphasizing disease awareness and acknowledging the validity of some vaccine safety concerns).
(d) Monitoring and surveillance
Monitoring and surveillance of vaccine refusal and hesitancy, as well as implementation of prevention strategies, require substantial financial investment in social mobilization efforts. In many cases, areas of resistance today are the same as those which posed an obstacle to smallpox eradication (i.e. Afghanistan, West Africa-particularly Nigeria-and southeast Asia). Existing surveillance systems such as the Vaccine Confidence Project [20] should serve as the foundation for future vaccine refusal monitoring programmes, by tracking vaccine-related public concerns and global indicators for non-compliance. Without a preemptive understanding of cultural and political factors that make refusal more probable, future efforts will continue to encounter similar obstacles in historically resistant regions of the world.
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To walk the last mile first is to recognize the likely rise of vaccine refusal in periods of low disease incidence, as well as other sociopolitical factors, and to preempt such an obstacle in the early stages of any eradication campaign. In the past, vaccine refusal has been addressed only as it becomes a problem towards the end of a campaign. A lag in robust social mobilization has proved costly, both in terms of money spent and spikes in disease incidence. So long as non-compliance remains an afterthought of eradication strategy, public misinformation and doubt will continue to stymie disease eradication efforts. Future campaigns must lessen the probability that non-compliance will rise as a significant obstacle by accelerating the initiative, thereby preventing a protracted period of low disease incidence. Prioritization of areas that are historically and culturally most likely to resist widespread vaccination efforts is critical in preventing future setbacks. Finally, early strategic use of social mobilization and effective communication with respected community members are critical approaches to addressing issues of risk perception, lack of knowledge or misinformation and disease awareness.
VPD eradication as a public health strategy has strong humanitarian and financial benefits. In order to take full advantage of the life-saving potential of vaccines, campaigns should focus on the challenge of vaccine refusal as one of the most significant components of disease control and prevention.
